MOLECULAR AND CELLULAR BIOLOGY, Nov. 2008, p. 6889-6902
0270-7306/08/$08.00+0  doi:10.1128/MCB.01192-08

Vol. 28, No. 22

Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Transforming Growth Factor B-Induced Smad1/S Phosphorylation in
Epithelial Cells Is Mediated by Novel Receptor Complexes and Is

Essential for Anchorage-Independent Growth"y

Amanda C. Daly,f Rebecca A. Randall, and Caroline S. Hill*

Laboratory of Developmental Signalling, Cancer Research UK London Research Institute, 44 Lincoln’s Inn Fields,
London WC2A 3PX, United Kingdom

Received 29 July 2008/Returned for modification 20 August 2008/Accepted 9 September 2008

Transforming growth factor (3 (TGF-) signals predominantly through a receptor complex comprising ALKS
and TBRII to activate receptor-regulated Smads (R-Smads) Smad2 and Smad3. In endothelial cells, however,
TGF-B can additionally activate Smadl and Smad5. Here, we report that TGF- also strongly induces
phosphorylation of Smadl/5 in many different normal epithelial cells, epithelium-derived tumor cells, and
fibroblasts. We demonstrate that TBRII and ALKS, as well as ALK2 and/or ALK3, are required for TGF-f3-
induced Smad1/5 phosphorylation. We show that the simultaneous activation of the R-Smads Smad2/3 and
Smad1/5 by TGF-f3 results in the formation of mixed R-Smad complexes, containing, for example, phosphor-
ylated Smadl and Smad2. The prevalence of these mixed R-Smad complexes explains why TGF-B-induced
Smad1/5 phosphorylation does not result in transcriptional activation via bone morphogenetic protein (BMP)-
responsive elements, which bind activated Smad1/5-Smad4 complexes that are induced by BMP stimulation.
Thus, TGF-B induces two parallel pathways: one signaling via Smad2-Smad4 or Smad3-Smad4 complexes and
the other signaling via mixed R-Smad complexes. Finally, we assess the function of the novel arm of TGF-f3
signaling and show that TGF-f3-induced Smad1/5 activation is not required for the growth-inhibitory effects of

TGF-f3 but is specifically required for TGF-B-induced anchorage-independent growth.

Ligands of the transforming growth factor g (TGF-B) super-
family control numerous cellular processes, such as prolifera-
tion, apoptosis, differentiation, adhesion, and mobility. As a
result, they play essential roles in organisms undergoing early
development and in adult organisms, in both healthy and dis-
eased states (28). This ligand superfamily can be divided into
three major subgroups: the TGF-s, the activins and Nodals,
and the bone morphogenetic proteins (BMPs)/growth and dif-
ferentiation factors (40). Signal transduction is mediated by
receptor complexes comprising two type II receptors and two
type I receptors, both of which are serine/threonine kinases
(12). There are five type II receptors in the human genome and
seven type I receptors which are named activin receptor-like
kinases 1 to 7 (ALK1 to ALK?7) (12). It has been very difficult
to precisely define which ligands bind which type II-type I
receptor complexes, and in fact, recent evidence suggests that
multiple combinations can occur. Some type I receptors, such
as ALKS, appear to act predominantly with one type II recep-
tor and to bind one class of ligand, in this case, TBRII and the
TGEF-Bs, respectively. However, other type I receptors are
more promiscuous, for example, ALK2, which acts with a num-
ber of different type II receptors and appears to be able to
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mediate signals from all the subgroups of ligands in different
cellular contexts (12).

Binding of ligand induces formation of a type II-type I re-
ceptor complex in which the constitutively active type II recep-
tor phosphorylates and activates the type I receptor. The signal
is then transduced to the nucleus predominantly by members
of the Smad family. This is achieved through the phosphory-
lation of specific receptor-regulated Smads (R-Smads) by an
activated type I receptor at two serine residues in an S-M/V-S
motif at the extreme C terminus of the R-Smad. There are five
different R-Smads: Smadl, Smad2, Smad3, Smad5, and
Smad8. Which R-Smads are phosphorylated by which type I
receptor is determined by the sequence of the so-called L45
loop in the type I receptor and the L3 loop in the C-terminal
Mad homology 2 domain of the R-Smad (5, 12, 33). ALKI,
ALK2, ALK3, and ALK6 bind and phosphorylate Smadl,
Smad5, and Smad8, whereas ALK4, ALKS, and ALK7 bind
and phosphorylate Smad2 and Smad3. This phosphorylation
promotes formation of both homomeric Smad complexes and
heteromeric complexes with the common mediator Smad,
Smad4. These activated Smad complexes accumulate in the
nucleus, where they are directly involved in the regulation of
target genes (12). Different R-Smad-Smad4 complexes recog-
nize distinct promoter elements (37). Smad3-Smad4 complexes
bind repeats of the sequence AGAC or its complement GTCT,
which are known as Smad-binding elements. In contrast, the
BMP-regulated R-Smads preferentially bind to GC-rich se-
quences, which are commonly found next to a Smad-binding
element, allowing the Smad4 in a Smad1/5-Smad4 complex to
also contact DNA. This occurs in conjunction with the tran-
scriptional regulator Schnurri (35, 45). The affinities of the
Smads for all these binding sites are relatively weak, and thus
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multimers of the Smad binding sites are required for efficient
ligand-induced activation. In contrast to Smadl, Smad3,
Smad4, and Smad5, Smad2 lacks any inherent DNA-binding
activity, and thus Smad2-Smad4 complexes are recruited to
DNA via other transcription factors, for example, FoxH1 (4).

The original view of the TGF-B superfamily signaling path-
ways was that there were essentially two branches: a TGF-B/
Nodal/activin branch that signals through activation of
Smad2/3, and a BMP/growth and differentiation factor branch
that signals through Smad1, Smad5, and Smad8 (40). However,
the concept that one ligand subfamily activates one class of
R-Smads was revised when it became clear that in endothelial
cells, TGF-B activates both Smad2/3 and Smad1/5 through a
heteromeric receptor complex comprising TBRII, ALK1, and
ALKS (15, 16). In these cells, ALK5 promotes a TGF-B-de-
pendent recruitment of ALK1 into a receptor complex, and for
maximal ALK1 activation, ALKS kinase activity is required.
Furthermore, TGF-B signaling through ALK1 is promoted by
the coreceptor endoglin (22). ALK1 was shown to directly
antagonize ALKS signaling and induce biological responses
opposite those of ALKS. Thus, the biological responses of
endothelial cells are determined by the fine balance between
ALKS and ALKI signaling.

Since ALK is an endothelial cell-specific receptor (41), the
phenomenon of dual signaling by TGF-B might be expected to
be specific to endothelial cells. One exception to this rule has
been reported, namely, TGF-B3-induced Smad1 phosphoryla-
tion was observed in Hs578T human breast cancer cells, but
the mechanism underlying this was not investigated (25). To
determine how widespread this dual-signaling phenomenon is,
we investigated the ability of TGF-B to induce simultaneous
phosphorylation of Smad1/5 and Smad2/3 in a panel of normal
epithelial cells, fibroblasts, and epithelium-derived tumor cell
lines of different tissue origins. Unexpectedly, we observe
TGF-B-induced Smad1/5 phosphorylation in many different
cell lines, both transformed and untransformed, and conclude
that it is an extremely widespread event. We demonstrate that
this dual signaling requires TBRII, ALKS, and, in addition,
ALK?2 and/or ALK3. We show that coactivation of phosphor-
ylated Smad1/5 and Smad2/3 by TGF- results in the produc-
tion of novel mixed R-Smad complexes that we hypothesize are
responsible for transducing the signal to the nucleus. We did
not find that TGF-B-induced Smadl/5 signaling antagonized
Smad?2/3 signaling, in contrast to results obtained with endo-
thelial cells. Instead, we demonstrate that TGF-B-induced
phosphorylation of Smad1/5 is critically important for a subset
of TGF-B responses. It is not required for TGF-B-induced
growth arrest or induction of epithelial-to-mesenchymal tran-
sition (EMT) but is essential for the ability of TGF-B to pro-
mote anchorage-independent growth.

MATERIALS AND METHODS

Plasmids. The following plasmids were as previously described: (CAGA);,-
Luc (9), c-JunSBR¢-Luc (23), BRE-Luc (21), the EF-LacZ control plasmid (1),
and the TK-Renilla plasmid (Promega) (24). Plasmids expressing green fluores-
cent protein (GFP)-ALK5 and FLAG-ALK2 were generated using standard
PCR methods, and the open reading frames were inserted into PAGFPCI (39)
and EF-Plink (18), respectively. All constructs were verified by sequencing. The
plasmids expressing hemagglutinin (HA)-ALKS and TBRII were gifts from
Anita Roberts, and plasmids expressing HA-ALK1 and HA-ALK3 were a gift
from Peter ten Dijke.
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Cell culture and treatments. All cell lines were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum with a few
exceptions. NMuMG cells were additionally supplemented with 10 mg/ml insulin,
Colo-357 and LUDLU-1 cells were cultured in RPMI medium with 10% fetal
calf serum, and bEnd5 endothelioma cells (36), MCF-10A cells (8), enhanced
GFP (EGFP)-Smad2-containing HaCaT cells (39), and EGFP-Smad3-contain-
ing HaCaT cells (30) were maintained as previously described. Cells were in-
duced at the indicated times with 2 ng/ml TGF-B1 (PeproTech), 200 ng/ml BMP2
(R&D Systems), 20 ng/ml BMP4 (R&D Systems), or 200 ng/ml BMP7 (R&D
Systems). The ALK2/3/6 inhibitor dorsomorphin, which was obtained from Paul
Yu (46), and SB-431542 (Tocris) were used at a final concentration of 10 M
(19). Recombinant Noggin was a gift from Senyon Choe and was used at a
300-ng/ml final concentration.

Transfections, luciferase assays, and reverse transcription-PCR (RT-PCR).
Small interfering RNA (siRNA) transfections in EpH4 cells and EpH4 cells that
have been transformed by stable expression of oncogenic Ras (EpRas cells) were
performed in six-well plates. Cells were seeded at 5 X 10* cells per well the day
prior to transfection. Each well was transfected with a 75 nM final concentration
of siRNA by using Dharmafect reagent 2. Cells were incubated for 48 h and then
replated into six-well plates. After 24 h, cells were treated with growth factors.
For the soft agar assay, siRNA-treated EpRas cells were split after 48 h and
seeded into the soft agar. When two siRNA pools were combined, 50 nM of the
Smad1 siRNA oligonucleotide and 25 nM of the Smad5 oligonucleotide were
transfected (see Fig. 7).

Both MDA-MB-231 and Colo-357 cells were transfected with INTERFERin
(Polyplus-transfection) using siRNA SMARTpools at concentrations of 1 nM
and 5 nM, respectively. When siRNA SMARTpools were combined, 1 nM of
each SMARTpool was used (see Fig. 1B and 4A). When siRNA oligonucleotides
were combined together in Colo-357 cells, siRNAs were transfected using 5 nM
of each (see Fig. 4B). Samples for Western blotting were taken 72 h posttrans-
fection after treatment with TGF-B, BMP4, or BMP7. See Table S1 in the
supplemental material for a comprehensive list of the siRNA oligonucleotides
used. Plasmid transfections were performed using either Lipofectamine reagent
(Invitrogen) for NIH 3T3, C2C12, and MDA-MB-231 cells or Lipo-
fectamine2000 reagent (Invitrogen) for EpH4 and EpRas cells according to the
manufacturer’s protocol. For luciferase assays with EpH4 and EpRas cells, cells
were transfected in six-well plates and the next day seeded into 12-well plates.
For all other cells, transfection was performed in the 12-well format. After
overnight incubation, cells were induced with TGF-B for 8 h and assayed for
luciferase activity by using either a dual-luciferase reporter system (Promega) or
as previously described (13). All experiments were performed in triplicate.

RT-PCR was performed as previously described (23). The sequences of the
primers used for analysis of ALK mRNAs are given in Table S2 in the supple-
mental material.

Cell lysis, Western blotting, and immunoprecipitations (IPs). Whole-cell ex-
tracts were prepared using radioimmunoprecipitation assay buffer (50 mM Tris-
HC], pH 8, 150 mM NacCl, 1% NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl
sulfate [SDS], 1 mM dithiothreitol, 25 mM NaF, 25 mM Na B-glycerophosphate,
and protease inhibitors). Western blotting was performed using standard proce-
dures. The following antibodies were used: Smadl (Zymed); Smad5 (Upstate);
Smad2/3 and Grb2 (BD Biosciences); Smad4 (B8; Santa Cruz); ALKS5 (V22;
Santa Cruz); phospho-Smad2, phospho-Smad1/5/8 (catalog no. 9511), and phos-
pho-Smad1/3/5 (catalog no. 9514) (Cell Signaling Technology); TRRII (06-318;
Upstate); FLAG and FLAG-horseradish peroxidase (Sigma); and HA, HA-
horseradish peroxidase, and GFP (Roche) antibodies.

For IPs of endogenous proteins, EpH4 cells were either left uninduced or
induced with 2 ng/ml of TGF- for 45 min, and whole-cell extracts were prepared
using IP buffer (20 mM Tris-HCI, pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.1%
Triton X-100, 1 mM dithiothreitol, 25 mM NaF, 25 mM Na B-glycerophosphate,
and protease inhibitors). Lysates were precleared with protein A beads and then
incubated with 1.25 pg of the corresponding antibody coupled to bovine serum
albumin-blocked protein A beads. Beads were washed three times with IP buffer
and immunoprecipitates were fractionated on 15% SDS-polyacrylamide gels and
Western blotted. IP of receptors was performed with anti-FLAG beads (Sigma)
or anti-GFP antibody (Roche) coupled to protein G beads in lysis buffer (100
mM NaCl, 50 mM Tris-HCI, pH 7.5, 0.1% NP-40, 25 mM NaF, 25 mM Na
B-glycerophosphate, and protease inhibitors). Immunoprecipitates were frac-
tionated on 15% SDS-polyacrylamide gels and Western blotted.

Cell cycle analysis and soft agar assay. The growth inhibition assays with
EpH4 cells were performed essentially as previously described (34). Briefly, the
cells were transfected by siRNA, grown to confluence over 48 h, trypsin released,
and replated at a low density in the presence or absence of 2 ng/ml TGF-B.
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FIG. 1. TGF-B induces phosphorylation of Smadl and Smad5 in epithelial cells. «, anti. (A) A panel of cell lines including normal and
cancerous breast cell lines and various human cancer cell lines and fibroblasts were tested for the ability of TGF-B to induce phosphorylation of
Smad1/Smads. Cells were either left untreated (—) or stimulated with 2 ng/ml TGF-B1 (+) for 1 h as indicated. An asterisk indicates the cell line
in which TGF-B did not induce Smad1/5 phosphorylation. The lower right panel shows results for HEK-293T cells that were not treated with
SB-431542 or treated with 10 uM SB-431542 overnight. The untreated cells were treated with or without TGF-B for 1 h. Of the cells treated with
SB-431542, those to be induced with TGF-p were washed twice with phosphate-buffered saline and then stimulated with TGF-@ for 1 h. Whole-cell
extracts were analyzed by Western blotting using antibodies against phosphorylated Smad1/5/8 (P-Smad1/5/8), P-Smad2, and Grb2 as a loading
control. (B) Smadl and Smad5 are phosphorylated in response to TGF-f in MDA-MB-231 cells. MDA-MB-231 cells were transfected with siRNA
SMARTDpools against the R-Smads or a control siRNA oligonucleotide as indicated. At 72 h posttransfection, cells were left untreated (—) or
treated with TGF-B1 for 45 min (+), and whole-cell extracts were prepared and analyzed by Western blotting using antibodies against Smad1,
Smad?2/3, Smad5, P-Smad1/5/8, P-Smad2, and Grb2. Note that P-Smad1/5 is a doublet. The siRNA knockdown results suggest that the upper band
is a mixture of Smadl and Smad5 and the lower band is predominantly an isoform of Smad5. (C) EpH4 cells were transfected with siRNA
SMARTDpools against the R-Smads or a control siRNA oligonucleotide as indicated. Cells were either left uninduced or treated with TGF-1 (2
ng/ml) or BMP2 (200 ng/ml) for 45 min as indicated. Cell lysates were analyzed as described for panel A.
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Samples for fluorescence-activated cell sorting (FACS) analysis were collected 20
to 24 h later.

For soft agar assays, a concentrated bottom layer comprising 2 ml of growth
medium containing 0.6% agarose (Sigma) was poured into a six-well dish. A total
of 5 X 10° EpRas cells was resuspended in 2 ml of medium containing 0.3%
agarose and overlaid on the hardened bottom layer. After 12 days of incubation,
colonies were visualized by staining with 0.5 mg/ml thiazolyl blue tetrazolium
bromide (Sigma) and scanned on a Umax PowerLook 1120 scanner to visualize
the colonies. Colonies (=100 pm) were counted from three different fields (1
cm?) within each triplicate well.

RESULTS

TGF-B induces phosphorylation of Smadl and SmadS5 in
epithelial cells. It has previously been shown that TGF- in-
duces phosphorylation of Smad1/5 in addition to Smad2/3 in
endothelial cells (15, 16). To investigate whether this signaling
is restricted to endothelial cells, we tested a panel of epithelial
cell lines for their ability to phosphorylate Smad1/5 in response
to TGF-B. This panel included normal human and mouse
mammary epithelial lines (NMuMG, EpH4, and MCF-10A),
transformed mammary cell lines (MCF-7, MDA-MB-231, and
MDA-MB-468), human pancreatic adenocarcinomas (Colo-
357 and PT45), carcinomas from a range of other tissues, and
fibroblasts (Fig. 1A). Cells were treated with TGF-8 for 1 h
and then analyzed with a phospho-Smad1/5/8-specific antibody
which we proved does not recognize phosphorylated forms of
Smad2 or Smad3 (Fig. 1B; see Fig. S1 in the supplemental
material). Interestingly, in addition to inducing Smad2 phos-
phorylation in these cells, TGF-B also induced a rapid phos-
phorylation of Smad1/5/8 in 13 out of the 14 cell lines (Fig.
1A). We also observed a robust TGF-B-induced Smad1/5/8
phosphorylation in the untransformed keratinocyte cell line
HaCaT (see Fig. S1 in the supplemental material). The levels
of Smad1/5/8 phosphorylation in the different cell lines were
variable, with the strongest inductions observed for mammary
epithelial lines, for the Colo-357 pancreatic adenocarcinoma,
and for the NIH 3T3 fibroblasts (Fig. 1A). For some cells, we
observed high basal levels of phospho-Smad1/5/8, which result
from a combination of autocrine BMP signaling (see below)
and autocrine TGF-B signaling. In fact, in some cases, this
masked the induction of phospho-Smad1/5/8 by TGF-B, in
particular, in HEK-293T cells. These cells show little induction
of phospho-Smad1/5/8 when TGF-B is simply added to the
growth medium. However, they exhibit a strong response if the
basal phospho-Smad1/5/8 levels are first reduced by incubation
of the cells with the ALKS kinase inhibitor SB-431542 (19)
prior to washout of the inhibitor and TGF-B stimulation (Fig.
1A, bottom-right panel).

We noted that the phospho-Smad1/5/8 antibody frequently
recognized a doublet of bands. To identify them, we performed
siRNA knockdown of all the individual Smad proteins. Knock-
down of R-Smads in MDA-MB-231 and Colo-357 cells re-
vealed that the upper band is comprised mainly of Smad1 with
some Smad5, whereas the lower band is an isoform of Smad5
(Fig. 1B; see Fig. S2A in the supplemental material). Knock-
down of Smad2 or Smad3 had no effect on either of these
bands (Fig. 1B). In EpH4 cells, both TGF-8 and BMP?2 treat-
ments resulted predominantly in phosphorylation of Smadl
(Fig. 1C; see Fig. S2B in the supplemental material). Taken
together, these data confirm that both Smadl and Smad5 are
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FIG. 2. ALK5 and TBRII are required for the activation of
Smad1/5 by TGF-B. a, anti. (A) Depletion of ALKS and TRRII by
siRNA silencing abolishes TGF-B-induced Smad1/5 phosphorylation.
EpH4 cells were transfected with sSiRNA SMARTpools against TBRII,
BMPRII, an siRNA duplex against ALKS, or a control siRNA oligo-
nucleotide. After 72 h, cells were either left uninduced or stimulated
with TGF-B1 or BMP4 for 45 min as indicated. Whole-cell extracts
were analyzed by Western blotting using antibodies against phosphor-
ylated Smad1/5/8 (P-Smad1/5/8), P-Smad2, and Grb2 as a control for
protein loading. (B) ALKS kinase activity is required for TGF-B-
induced Smad1/5 phosphorylation. EpH4 cells were either left un-
treated or treated with the ALKS inhibitor SB-431542 (10 M) 15 min
prior to stimulation with TGF-B or BMP4 for 45 min. Cell lysates were
analyzed by Western blotting using antibodies against P-Smad1/5/8,
Smad1, P-Smad2, Smad2/3, and Grb2 as a loading control.

phosphorylated in response to TGF-$ in a wide range of cells
of different tissue origins.

ALKS and TRRII are required for Smad1/5 phosphorylation
in response to TGF-B. We next investigated whether the ca-
nonical TGF-B receptors were required for the activation of
Smadl/5 in response to TGF-B in epithelial cells. siRNA
knockdown of either ALKS or TRRII protein (see Fig. S3A in
the supplemental material) abrogated phosphorylation of
Smad1/5 in response to TGF-B, whereas BMP4-induced
Smad1/5 phosphorylation was relatively unaffected (Fig. 2A).
Phosphorylation of Smad2 was also abolished in ALKS- and
TRRII-depleted cells, as expected (Fig. 2A). As a negative
control, knockdown of the BMP type II receptor (BMPRII)
had no effect on TGF-B-induced Smad1/5 or Smad2 phosphor-
ylation, whereas BMP4-induced Smad1/5 phosphorylation was
abolished (Fig. 2A). These results indicate that both ALKS and
TBRII are required for phosphorylation of Smadl/5 in re-
sponse to TGF-B. Moreover, they also indicate that the effect
is not due to TGF- induction of BMP expression. To examine
whether ALKS kinase activity was also involved in TGF-B
induction of Smad1/5 phosphorylation, EpH4 cells were pre-
incubated with the ALKS kinase inhibitor SB-431542 before
stimulation with TGF-B. This treatment completely abolished
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FIG. 3. Differential regulation of TGF-B-induced phosphorylated
Smad1/5 (P-Smad1/5) and P-Smad2/3. «, anti. (A) High doses of ligand
are required for TGF-B-induced Smad1/5 phosphorylation. EpH4 cells
were stimulated with increasing concentrations of TGF-B1 for 1 h as
indicated. Whole-cell extracts were analyzed by Western blotting using
antibodies against P-Smad1/5/8 (antibody 9511), P-Smad1/3/5 (anti-
body 9514), and Grb2 as a loading control. Note that the Cell Signaling
Technology antibody 9514 recognizes phosphorylated Smad3 in addi-
tion to phosphorylated Smad1/5. See Fig. S2C in the supplemental
material for data on which the assignment of the different bands to the
different Smads is based. (B) TGF-B-induced Smad1/5 phosphoryla-
tion is transient and disappears between 2 and 4 h after stimulation,
whereas Smad3 phosphorylation is readily detectable for at least 8 h.
EpH4 cells were stimulated with TGF-B1 (2 ng/ml) for different time
periods at 37°C before lysis. Cell lysates were fractionated by SDS-
polyacrylamide gel electrophoresis and analyzed by Western blotting
with antibodies against P-Smad1/3/5, P-Smad1/5/8, and Grb2.
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TGF-B-induced Smad1/5 phosphorylation but had no effect on
BMP4-induced Smad1/5 phosphorylation (Fig. 2B). These
data show that TGF-B-induced activation of Smad1/5 in epi-
thelial cells is critically dependent on TRRII and ALKS and
requires the kinase activity of ALKS.

Differential regulation of Smadl/5 phosphorylation and
Smad2/3 phosphorylation in response to TGF-B. We further
characterized this novel arm of TGF-B/Smad signaling in
EpH4 cells by comparing its TGF-B dose dependency and
kinetics of signaling with those of the canonical branch of the
TGF-B/Smad pathway mediated by phosphorylation of Smad3
by using an antibody that detects both phosphorylated
Smad1/5 and phosphorylated Smad3 (see Fig. S2C in the sup-
plemental material). TGF-B readily induced detectable Smad3
phosphorylation when used at a concentration of 0.1 ng/ml and
reached a plateau at 0.8 ng/ml of TGF-B (Fig. 3A, top panel).
In contrast, Smad1/5 phosphorylation was first detected at 0.4
ng/ml and reached a maximum at 0.8 ng/ml of TGF-B (Fig.
3A). Thus, the activation of Smad1/5 by TGF- requires concen-
trations of ligand higher than those required for phosphorylation
of Smad3.

Next, we examined the kinetics of TGF-B-induced phosphor-
ylation of Smad1/5 in comparison to the kinetics of TGF-B-
induced phosphorylation of Smad3. TGF-B (2 ng/ml) rapidly
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induced phosphorylation of both Smad1/5 and Smad3, which
plateaued after 30 min (Fig. 3B). Phospho-Smad3 levels de-
clined after 4 h but did not decrease to zero even after 8 h (Fig.
3B), consistent with the duration of signaling previously ob-
served for the human keratinocyte cell line HaCaT (20). In
contrast, TGF-B-induced Smad1/5 phosphorylation was dra-
matically reduced by 2 h and absent 4 h poststimulation (Fig.
3B). Thus, the TGF-B-induced phospho-Smad1/5 is more tran-
sient than the TGF-B-induced phospho-Smad3.

ALK2 and ALK3 are required for TGF-B-induced Smad1/5
phosphorylation. The observation that the dose dependency
and the kinetics of Smadl/5 phosphorylation were distinct
from Smad3 phosphorylation, coupled with the fact that ALKS
alone is unable to phosphorylate Smad1/5 (5) indicated that a
receptor complex distinct from the canonical TBRII-ALKS
complex must be responsible for the TGF-B-induced Smad1/5
phosphorylation. In endothelial cells, ALK1 forms a complex
with ALKS and TBRII to mediate TGF-B-induced Smad1/5
phosphorylation (15), but we reasoned that ALK1 could not be
responsible in epithelial cells or fibroblasts, as it is specific to
endothelial cells (41). Investigation of the expression profiles
of all seven TGF-B superfamily type I receptors (ALK1 to
ALK?7) in a panel of cell lines by RT-PCR revealed that the cell
lines that induce Smadl/5 phosphorylation in response to
TGF-B express ALK2, ALK3, ALK4, and ALK5 mRNA (see
Fig. S4A in the supplemental material). In addition, EpRas
cells express low levels of ALKI mRNA, but this expression
was completely absent in the other responsive cells lines. We
deduced that, of these receptors, the most likely candidates
responsible for TGF-B-induced Smadl/5 phosphorylation
would be ALK2 and ALK3. These two receptors have been
shown to bind TGF- in conjunction with TBRII (10, 42), are
capable of phosphorylating Smad1/5 (12), and are expressed in
all the responsive cell lines tested. We therefore investigated
the involvement of these receptors in TGF-B-induced Smad1/5
phosphorylation in several different mouse and human cell
lines.

Knockdown of either ALK2 or ALK3 in MDA-MB-231 cells
had little effect, but knockdown of ALK2 and ALK3 together
substantially reduced TGF-f induction of Smad1/5 phosphor-
ylation (Fig. 4A), suggesting that they act redundantly. For a
control for the efficiency of the knockdown, we investigated the
effect of the ALK2 and ALK3 siRNAs on BMP7 and BMP4
induction. BMP7 preferentially binds ALK2, whereas BMP2
and BMP4 have higher affinity for ALK3 (26, 43). Consistent
with this, BMP7-induced Smad1/5 phosphorylation in ALK2-
depleted cells was reduced, whereas it was only marginally
affected by knockdown of ALK3 (Fig. 4A). Knockdown of
ALKS3, in contrast, resulted in a dramatic reduction of BMP4-
dependent Smad1/5 phosphorylation, whereas ALK2 knock-
down had relatively little effect (Fig. 4A). In both cases, knock-
ing down both ALK2 and ALK3 abolished BMP-induced
Smad1/5 phosphorylation (Fig. 4A). Importantly, we could also
show that, in human cells, the siRNA SMARTpools against
ALK1, ALK2, ALK3, and ALKS were efficient at knocking
down the cognate receptors and had no effect on expression of
other ALKs (see Fig. S3B and C in the supplemental material).
For Colo-357 cells, siRNA knockdown experiments also indi-
cated that both ALK2 and ALK3 were involved in TGF-B-
induced Smad1/5 phosphorylation, but in this case, knockdown
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FIG. 4. ALK2 and ALK3 are required for TGF-B-induced phosphorylation of Smad1/5. «, anti. (A) Effect of knockdown of ALK2 and ALK3
on Smad1/5 phosphorylation in MDA-MB-231 cells. Cells were transfected with siRNA SMARTpools against the ALKs for 72 h. Cells were either
left uninduced or stimulated with 2 ng/ml TGF-B1 (upper-left panel), 200 ng/ml BMP7 (upper-right panel), or 20 ng/ml BMP4 (lower panel) for
45 min. Whole-cell extracts were analyzed by Western blotting using antibodies against phosphorylated Smad1/5/8 (P-Smad1/5/8), P-Smad2, and
Grb2 as a loading control. (B) Colo-357 cells were transfected with the indicated siRNA SMARTpools for 72 h. Cells were either left uninduced
or stimulated with 2 ng/ml TGF-B1 (left panel) or 200 ng/ml BMP7 (right panel) for 45 min. Whole-cell extracts were analyzed by Western blotting
using antibodies against P-Smad1/5/8, P-Smad2, and Grb2 as a loading control. (C) Inhibition of ALK2, ALK3, and ALK6 activity abolishes
phosphorylation of Smad1/5 by TGF-B. EpH4 cells were incubated with dorsomorphin (10 wM), a selective inhibitor of ALK2, ALK3, and ALK®6,
for 1 h prior to stimulation with TGF-B1 or BMP4 for 45 min. Cell lysates were analyzed by Western blotting as described above. (D) Phosphor-
ylation of Smad1/5 in response to TGF-B is direct and independent of BMP signaling. EpRas, NMuMG, and Colo-357 cells were treated with or
without 300 ng/ml Noggin for 2 h and then treated with TGF-@ for the times indicated. Whole-cell extracts were analyzed by Western blotting using

antibodies against phospho-Smad1/5/8 and Smadl1.
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of either was sufficient to substantially reduce TGF-B-induced
Smad1/5 phosphorylation (Fig. 4B). This is probably because
the level of the other ALK is not sufficiently high to be able to
compensate. In EpH4 cells, TGF-B-induced Smadl/5 phos-
phorylation appears to be predominantly mediated via ALK2,
as the knockdown of ALK2 had a dramatic effect (see Fig. S4B
in the supplemental material), whereas knockdown of ALK3 in
these cells had only a minor effect (data not shown). Thus, we
conclude that both ALK2 and ALK3 are involved in TGF-3-
induced Smad1/5 phosphorylation, but the relative contribu-
tion of each receptor is dependent on cell type.

To consolidate the data acquired using siRNA oligonucleo-
tides against ALK2 and ALK3, we used a small molecule
inhibitor of BMP signaling, dorsomorphin, which has recently
been shown to inhibit ALK2, ALK3, and ALK6 activity (46).
Pretreatment of EpH4 cells with dorsomorphin for 1 h com-
pletely inhibited both TGF-B- and BMP-induced phosphory-
lation of Smad1/5 (Fig. 4C). In contrast, TGF-B-induced phos-
phorylation of Smad2 was unaffected by the inhibitor,
indicating that it had no effect on ALKS kinase activity. This
confirms the requirement of ALK2 and ALK3 for TGF-B-
induced Smad1/5 phosphorylation.

Since ALK2 and ALK3 are more commonly thought of as
BMP receptors (12), it was imperative to prove that the TGF-
B-induced Smad1/5 phosphorylation that we observed was not
mediated via regulated BMP expression. We therefore treated
three different cell lines (EpRas, NMuMG, and Colo-357) with
TGF-B for different times in the presence or absence of the
BMP inhibitor Noggin (Fig. 4D). In all cases, Noggin clearly
inhibited endogenous BMP signaling, as it abolished the basal
phospho-Smad1/5 levels. However, TGF-B was still able to
strongly induce phosphorylation of Smad1/5. This could be
visualized as early as after 10 min in NMuMG cells and was
robust by 20 min in all three cell lines (Fig. 4D). Thus, we
conclude that TGF-B induces phosphorylation of Smad1/5 di-
rectly and this is not mediated via BMP.

ALK2 and ALK3 can form a heteromeric complex with
ALKS. The dual requirement of two distinct classes of type I
receptors suggests that both ALKS and the lower-affinity
TGF-B receptors ALK2 and ALK3 may function in concert to
activate Smad1/5. Previous evidence suggests that TGF-$ sig-
nals through a heterotetrameric receptor complex, which com-
prises homodimers of TBRII and ALKS. In addition, ALK1,
ALKS, and TBRII are proposed to form a heterotetrameric
complex which is responsible for Smad1/5 activation by TGF-
in endothelial cells (15). To investigate whether ALKS5 forms
an analogous complex with either ALK2 or ALK3 and TBRII,
we overexpressed epitope-tagged versions of the ALKs and
TRRII in NIH 3T3 cells and performed IPs. IP of FLAG-
ALK?2 could coprecipitate ALKS and TRRII (Fig. 5A). A sim-
ilar result was observed for tagged ALK3, ALKS, and TRRII
(Fig. 5B). Surprisingly, the complexes can form in the absence
of ligand, as stimulation with either TGF-B or BMP had no
effect. This is most likely due to the overexpression of the
receptors. Taken together with the loss-of-function data and
the fact that TGF-f acts in a direct manner, these data suggest
that TGF-B-induced Smad1/5 phosphorylation could be medi-
ated by heteromeric complexes comprising TBRII, ALKS, and
either ALK2 or ALK3.
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FIG. 5. ALK2 and ALK3 form a heteromeric complex with ALKS.
a, anti. (A and B) Interaction of ALK2 or ALK3 with ALKS was
assayed by IP with overexpressed tagged ALKs and Western blot (WB)
analysis. NIH 3T3 cells were transfected with either FLAG-tagged
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(B) together with TBRII. After 48 h, cells were treated with TGF-B1 or
BMP4 for 1 h, as indicated. Whole-cell extracts were analyzed by
Western blotting using antibodies against HA, FLAG, GFP, or TBRII
either directly (input) or after IP with anti-FLAG beads (A) or anti-
GFP antibody and protein G beads (B).
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TGF-B-induced Smad1/5 phosphorylation does not regulate
transcription of a BMP-responsive reporter. Having demon-
strated that TGF-B induces Smad1/5 phosphorylation in epithe-
lial cells and fibroblasts, we next investigated the downstream
transcriptional response mediated by the phosphorylated Smads.
The BRE-Luc reporter construct consists of two repeats of a
BMP response element (BRE) from the Id! promoter driving
luciferase and is used as a transcriptional readout of BMP-in-
duced signaling (21). The consensus element in this reporter has
been shown to bind an activated Smad1-Smad4 complex with the
transcriptional regulator Schnurri (35, 45). As a positive control,
EpH4, EpRas, and MDA-MB-231 cells and the myoblast cell line
C2C12 were treated with BMP2 or BMP4, which strongly induced
transcription of the BRE-Luc reporter in all four cell lines (Fig.
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6A). TGF-B is as potent as BMP in stimulating phosphorylation
of Smad1/5 in EpH4 cells (Fig. 1C and 4C) and therefore might
be expected to elicit an equivalent transcriptional response of the
BRE-Luc reporter. Strikingly, however, TGF-p failed to induce
transcription of the BRE-Luc reporter (Fig. 6A). In contrast,
TGF-B readily induced transcription of the Smad3-dependent
reporter (CAGA),,-Luc (9) in all the cell lines tested, whereas
BMP stimulation did not (Fig. 6B). Thus, TGF-B-induced phos-
phorylation of Smad1/5 cannot initiate transcription via BREs in
epithelial cells.

Smad1/5 and Smad2/3 form mixed R-Smad complexes in
response to TGF-B. The induction of transcription via the
BRE requires binding of phosphorylated Smad1/5 complexed
with Smad4. Given the failure of TGF-B-induced Smad1/5 to
activate transcription via the BRE and the fact that, in these
cells, TGF-B simultaneously induces both phosphorylated
Smad1/5 and Smad?2/3, we investigated whether mixed R-Smad
complexes were formed in response to TGF-B in preference to
Smad1/5-Smad4 complexes. Endogenous R-Smads, Smadl
and Smad2/3, were therefore immunoprecipitated from EpH4
whole-cell extracts, and the immunoprecipitates were Western
blotted for phospho-Smad1/5, Smad4, or Smad2/3. Smad2/3
clearly coprecipitated with phospho-Smad1/5 upon TGF-
treatment but not in response to BMP4 (Fig. 6C, upper panel,
compare lanes 11 and 12), and conversely, Smadl coprecipi-
tated with Smad2 in response to TGF-f but not BMP4 (Fig.
6C, lower panel, compare lanes 8 and 9). As previously re-
ported, Smad2/3 coprecipitated with Smad4 in response to
TGF-B but not BMP4 (Fig. 6C, middle panel, compare lanes
11 and 12). Surprisingly, Smadl coimmunoprecipitated with
Smad4 only after stimulation with BMP4 but not TGF-$ (Fig.
6C, middle panel, compare lanes 8 and 9). These data indicate
that stimulation of epithelial cells with TGF-f results in the
formation of novel endogenous mixed R-Smad complexes.
Similar mixed R-Smad complexes were also readily detected in
TGF-B-induced NMuMG cells, in which TGF- also failed to
induce BRE-Luc activity (see Fig. S5 in the supplemental ma-
terial).

It was important to confirm that these activated mixed R-
Smad complexes were formed as a result of the different
classes of R-Smads being simultaneously phosphorylated by
what we presume to be a heteromeric receptor complex and
were not simply formed as a result of extract preparation. We
therefore tested whether they would form when phosphory-
lated Smad1/5 and phosphorylated Smad2/3 were induced in-
dependently by costimulation of cells with TGF- and BMP4.
To do this, we used MCF-7 cells, which do not induce phos-
phorylation of Smadl/5 in response to TGF- but do in re-
sponse to BMP4 (Fig. 1A and 6D). In this case, we could not
detect formation of complexes of phosphorylated Smadl/5
with Smad2 or Smad3 when cells were coactivated with TGF-3
and BMP4 (Fig. 6D). We thus conclude that coactivation of
Smad2/3 and Smad1/5 by a putative heteromeric receptor com-
plex in response to TGF-B is required for mixed R-Smad
complex formation.

Smadl/5 activation is not involved in TGF-B-induced
growth arrest but is essential for TGF-B-induced anchorage-
independent growth. Having demonstrated that the ability of
TGF-B to induce phosphorylation of Smad1/5 in addition to
Smad2/3 results in a novel class of activated Smad complexes,
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we investigated the functional consequences of this branch of
TGF-B signaling. We used the mouse mammary epithelial sys-
tem with which we observed the strongest Smad1/5 response.
The parental cells, EpH4 cells, are nontransformed mouse
mammary gland epithelial cells, which are nontumorigenic and
undergo growth inhibition and apoptosis in response to TGF-
(31, 32). However, EpRas cells undergo an EMT in response
to TGF-B and form rapidly growing tumors in mice (31, 32).

First, we examined the function of Smad1/5 phosphorylation
in TGF-B-induced growth arrest as determined by the ability of
cells to progress through G,/S in the absence or presence of
TGF-B (32, 34). EpH4 cells were transiently transfected with
siRNA oligonucleotides against Smad1/5 or ALKS, as a posi-
tive control, and the cell cycle distribution was assayed. In
control samples, the addition of TGF-B prevented EpH4 cells
from entering S phase, and thus, a much higher percentage of
cells remained in G, (Fig. 7A). This effect of TGF-B was
eliminated in ALKS-depleted cells (Fig. 7A). In contrast,
knockdown of Smad1/5 had no obvious effect, despite efficient
reduction of phospho-Smad1/5 levels (Fig. 7A, right panel).
Thus, TGF-B-induced Smad1/5 phosphorylation is not in-
volved in TGF-B-induced growth inhibition.

We next investigated the contribution of Smad1/5 signaling
in TGF-B responses in EpRas cells. First, we tested the effect
of Smad1/5 knockdown on the ability of these cells to undergo
TGF-B-induced EMT (32). However, no apparent differences
were observed in either cell morphology or mesenchymal
marker expression between Smadl/5-depleted cells and the
wild-type cells (data not shown). EpRas cells have also been
shown to form rapidly growing tumors in mice, and this is
dependent on continuous TGF- signaling (32). We therefore
tested the ability of EpRas cells to grow in soft agar in response
to TGF-B and investigated the effect of knockdown of Smad1/5
by using SMARTpools against Smadl and Smad5. Indeed,
EpRas cells formed colonies in soft agar, and the colonies were
markedly increased upon the addition of TGF-B (control sam-
ples; Fig. 7B). Strikingly, knockdown of Smad1/5 dramatically
reduced this effect to a level comparable with that seen with
the reduction of ALKS5 (Fig. 7B). However, it had little effect
on the number of colonies in the absence of ligand, indicating
that the siRNAs were not generally detrimental to cell viability.
Knockdown of ALKS in the particular experiment shown in
Fig. 7B was not complete. It was sufficient to abolish Smad1/5
phosphorylation but was not effective in preventing phosphor-
ylation of Smad2 (Fig. 7B, right panel). The fact that this was
still sufficient to strongly reduce the number of TGF-B-induced
colonies supports a specific role of Smad1/5 phosphorylation in
TGF-B-induced anchorage-independent growth. EpRas cells
express levels of Smadl1 that are considerably higher than those
of Smad5 (data not shown). We therefore also confirmed that
knockdown of Smadl by two individual siRNA oligonucleo-
tides inhibited TGF-B-induced anchorage-independent growth
(see Fig. S6 in the supplemental material). In addition, we
tried to mimic the effect of Smad1/5 knockdown on TGF-3-
induced anchorage-independent growth by knocking down
ALK2, ALK3, and also ALK1, which is expressed at low levels
in these cells. However, we could never achieve a sufficiently
high efficiency of knockdown of these receptor kinases to ef-
fectively reduce levels of phospho-Smad1/5 in these cells.

Since depletion of Smad1/5 would also be expected to affect
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autocrine BMP signaling, we wanted to eliminate any contri-
bution of BMP signaling in the TGF-B-induced anchorage-
independent growth assay. We therefore treated cells with or
without the BMP inhibitor Noggin. Identical profiles were seen
for cells treated with and without Noggin, thus eliminating a
role for BMP-induced regulation of Smad1/5 in this assay (data
not shown).

Taken together, these data indicate that TGF-B-induced
Smad1/5 phosphorylation is not involved in TGF-B-induced
growth inhibition but is required for the transformation of
EpRas cells in response to TGF-B in vitro.

DISCUSSION

To date, the induction of Smadl/5 phosphorylation by
TGF-B has been thought to be predominantly specific to en-
dothelial cells, primarily due to the expression of ALK1 in
these cells (15, 16). Here, we have shown that Smad1/5 phos-
phorylation is not restricted to endothelial cells. We have dem-
onstrated that TGF-B induces phosphorylation of both Smad1
and Smad5 in addition to phosphorylation of Smad2/3 in a
number of normal epithelial cell lines, fibroblasts, and cell lines
of tumor origin. In agreement with our data, a very recent
study has also reported TGF-B-induced Smad1/5 phosphory-
lation in HaCaT cells (2).

TPRRIIL, ALKS, and either ALK2 or ALK3 are required for
TGF-B-induced Smad1/5 phosphorylation. Our data indicate
that the rapid and direct TGF-B induction of Smad1/5 phos-
phorylation is critically dependent on ALKS and TRRII. It
requires not only the expression of ALKS5 but also its kinase
activity. Previous work has shown that the substrate specificity
of type I receptors, including ALKS, is tightly restricted (5, 6,
11, 33). Importantly, the L45 loop sequence of ALKS is com-
patible with the L3 loop configuration of Smad2 and Smad3
but not of Smadl or Smad5 (5). Thus, ALKS5 alone cannot
activate Smad1/5, and a second type I receptor activity must be
required for the phosphorylation of Smad1/5. ALKI mRNA is
not generally expressed in epithelial cell lines at detectable
levels, and knockdown of this receptor had no effect on
Smad1/5 phosphorylation, excluding a functional role for
ALKI1 in these cells.

Instead, the evidence provided here supports a role for
ALK?2 and/or ALK3 in the TGF-B-induced Smad1/5 phosphor-
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ylation in epithelial cells and tumor cells. Both of these recep-
tors can bind TGF-f in concert with TBRII (10, 42). Moreover,
ALK?2 has previously been proposed to be a TGF-B receptor
(29), and sequence analysis indicates that it is in the same
subgroup of type I receptors as ALK1 (6), making it an excel-
lent candidate for mediating TGF-B-induced Smad1/5 phos-
phorylation. We found that knockdown of ALK?2 in EpH4 cells
was indeed sufficient to virtually abolish TGF-B-induced
Smad1/5 phosphorylation (see Fig. S4 in the supplemental
material). However, for Colo-357 and MDA-MB-231 cells, it
was necessary to additionally knock down ALK3 to eliminate
Smad1/5 phosphorylation in response to TGF-B. This suggests
that in these two cell lines, ALK2 and ALK3 act redundantly.
Furthermore, we have confirmed the involvement of ALK2
and ALK3 by using the recently characterized ALK2/ALK3/
ALK®6 inhibitor dorsomorphin, which completely abolishes
Smad1/5 phosphorylation in response to TGF-B but has no
effect on TGF-B-induced Smad2/3 phosphorylation.

Given the requirement of TBRII and ALKS with ALK2
and/or ALK3, the demonstration that TGF-$ induces Smad1/5
rapidly and directly, and given the fact that TGF-3 superfamily
receptor complexes are thought to comprise two type II recep-
tors and two type I receptors, we propose that TGF-$ induc-
tion of Smad1/5 phosphorylation may be mediated by a het-
erotetrameric receptor complex comprising TBRII and ALKS
with either ALK2 or ALK3 (Fig. 7C). This would be analogous
to the heteromeric ALK1/ALKS/TBRII receptor complex pro-
posed for endothelial cells (15). However, the final proof of the
existence of such heteromeric complexes awaits the develop-
ment of antibodies that detect endogenous ALK2 and ALK3.
Although our data allow us to define what receptors are re-
quired for TGF-B-induced Smad1/5 activation, it is not clear
whether they are sufficient. Attempts to reconstitute a TGF-3
induction of Smadl/5 phosphorylation in the nonresponsive
MCEF-7 cells by overexpressing ALKS with ALK2 or ALK3
were not successful, leaving open the possibility that other
components are additionally required. It is not clear how
ALK2 and ALK3 are activated in response to TGF-B. This may
be achieved by phosphorylation mediated by TBRII, or possi-
bly by ALKS, which would explain the requirement for the
kinase activity of ALKS. However, in preliminary experiments,
we have been unable to detect any increase in ALK?2 activity in

against Smad1/5, ALKS siRNA duplexes, or a control siRNA oligonucleotide. After 48 h, cells were either left uninduced (—) or stimulated with
TGF-B1 (+) for 20 h. Samples were collected for FACS analysis to determine the percentages of cells in the G, S, and G,/M phases. The
percentage of cells in G, was normalized to the percentage of cells in G, under unstimulated conditions (no TGF-B). The values shown are the
averages from three independent experiments. For the control siRNA samples, the average percentage of cells in G, in the absence of TGF-f was
24.5%, and that in the presence of TGF-B was 44.8%. Samples were also analyzed to confirm depletion of TGF-B-induced phosphorylation of
Smad1/5. After 72 h incubation, cells were induced with TGF-B1 for 45 min and cell lysates were analyzed by Western blotting using antibodies
against phosphorylated Smad1/5 (P-Smad1/5) and Grb2 (right panel). (B) Activation of Smad1/5 in combination with Smad2/3 by TGF-B is
required for the growth of EpRas cells in soft agar in response to TGF-B. EpRas cells were transfected with siRNA SMARTpools against Smad1/5,
an ALKS siRNA duplex, or a control siRNA oligonucleotide, as indicated. After 48 h, the cells were assayed for their ability to grow in soft agar
in the absence or presence of 2 ng/ml TGF- as described in Materials and Methods. After 12 days, the number of colonies was assessed by staining
with thiazolyl blue tetrazolium bromide (left panel). Each field is equal to 1 cm®. The means and standard deviations (error bars) for three replicate
wells from a representative experiment are shown (upper-right panel). Confirmation of depletion of TGF-B-induced phosphorylation of Smad1/5
Western blot analysis as described for panel A is also shown (lower-right panel). «, anti. (C) Schematic illustration of the signaling events
downstream of TGF-B stimulation in epithelial cells. Different sets of receptor complexes are formed to phosphorylate the R-Smads, which then
form complexes in a variety of combinations. The complexes accumulate in the nucleus, where they are involved in transcriptional activation and
repression of a plethora of gene promoters. See the text for a discussion. For simplicity, Smad complexes are portrayed as dimers.
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IP kinase assays as a result of coexpression of activated ALKS.
Further work is required to clarify this issue.

Our demonstration that ALK2 and ALK3 are directly in-
volved in TGF- signaling in addition to their previously char-
acterized roles in BMP6/7 and BMP2/4 signaling, respectively
(26, 43), suggests that these receptors can bind different li-
gands in different contexts. This concept has already been
shown for ALK1, which has been shown to act downstream of
both TGF-B8 and BMP9/10 (7, 15, 16, 38). We propose that, in
the case of ALK2 and ALKS3, they bind BMPs when complexed
with BMP type II receptors such as BMPRII, ActRII, and
ActRIIB (12) but bind TGF-B in a heteromeric complex with
TRRII and ALKS.

Recent structural data have demonstrated that a molecule of
ALK?2 or ALK3 would not be able to directly replace a mole-
cule of ALKS in the high-affinity, cooperative TBRII/ALKS/
TGF-B complex (17). This indicates that a mixed complex of
type I receptors would have to have a distinct architecture from
the canonical TGF-B receptor complex. Indeed, such com-
plexes may be more similar to BMP receptor complexes. In
experiments designed to prove that all three receptors were
present in the same complex by serial IPs, we found that the
receptor complexes fell apart as they were purified (our un-
published data). This suggests that it is the avidity from mem-
brane localization and/or the presence of ligand that promotes
assembly of the receptor complexes, as is the case for the BMP
receptors, which do not actually interact directly with each
other (17). Given these structural considerations, a mixed type
I receptor complex is likely to have a lower affinity for TGF-
than the canonical ALKS-TBR complex. Therefore, high con-
centrations of TGF-f and/or high cell surface expression levels
of ALKS would be expected to be important for the formation
of TGF-B-induced ALKS5-ALK2/3 complexes and, hence,
TGF-B-induced Smad1/5 phosphorylation. Indeed, with EpH4
cells, we have demonstrated that the dose of TGF-B required
for Smad1/5 phosphorylation is higher than that required for
Smad3 phosphorylation. We have also shown that high ALKS
levels are required for Smadl/5 phosphorylation. Partial
knockdown of ALKS in EpRas cells resulted in complete ab-
rogation of Smad1/5 phosphorylation, whereas activation of
Smad?2/3 was maintained (Fig. 7B). It is tempting to speculate
that our observation that low levels of TGF-B signaling can
induce only the canonical arm of TGF-B/Smad signaling, while
higher doses of TGF-B additionally induce Smad1/5 phosphor-
ylation, might explain dose-dependent responses to TGF-B
(27).

Formation of mixed R-Smad complexes. TGF-3 stimulation
of epithelial cells has previously been shown to induce Smad2-
Smad4 and Smad3-Smad4 complexes. Our data now indicate
that activation of ALKS-ALK?2/3 receptor complexes results in
the simultaneous phosphorylation of Smad1l/5 and Smad2/3
and the subsequent formation of novel mixed R-Smad com-
plexes. This is supported by strong evidence for endogenous
complexes containing activated Smad2/3 and Smadl in re-
sponse to TGF-B but not BMP. In addition, when we per-
formed IPs with antibodies that are specific for Smad2 or
Smad3, we could detect complexes containing activated
Smad1l/Smad2 and Smadl/Smad3 in response to TGF-f in
EpH4 cells (our unpublished data). The exact stoichiometry
and precise combinations of the mixed R-Smad complexes
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have not yet been determined. We conclude that mixed R-
Smad complexes form via simultaneous activation at the cell
surface, as we could not detect them in MCF-7 cells costimu-
lated with TGF-B (which induces only phosphorylated
Smad?2/3 in these cells) and BMP4 (which induces phosphory-
lation of Smad1/5). Previously characterized Smadl-Smad4,
Smad2-Smad4, and Smad3-Smad4 complexes have been
shown to bind with different affinities to distinct promoter
elements and thus elicit different transcriptional responses
(37). We suggest that these mixed activated Smad1/5-Smad2/3
complexes are also distinct entities, binding unique promoter
elements, and are responsible for transducing this novel branch
of TGF-B signaling to the nucleus. The absence of BRE-Luc
activity upon TGF-B stimulation in cell lines in which TGF-3
induces strong phosphorylation of Smad1/5 provides evidence
for this hypothesis. The levels of Smadl/5 phosphorylation
upon TGF-B and BMP stimulation are equivalent, but the
transcriptional readouts in response to ligand are dramatically
different. We do not think that the inability of TGF-B-induced
phospho-Smad1/5 to initiate transcription of BRE-Luc is due
to the transient phospho-Smad1/5 signal, as 1 to 2 h of TGF-
signaling is sufficient for a measurable induction of a variety of
reporters (20). It is more likely due to the fact that the majority
of activated Smad1 or Smad5 is complexed with Smad2/3 and
therefore cannot bind effectively to the BRE in a complex with
Smad4 (3). Furthermore, the idea that the mixed R-Smad
complexes might target a unique set of genes is supported by
the observation that, in endothelial cells, TGF-B regulates a
greater number of genes than constitutively active ALKI1 or
ALKS (44).

Function of TGF-B-induced Smad1/5 phosphorylation. The
study of the cellular function of TGF-B-induced phospho-
Smad1/5 in endothelial cells concluded that ALK1 activity an-
tagonizes Smad2/3 signaling via ALKS, as demonstrated by
decreased (CAGA),,-Luc activity upon expression of ALKI in
endothelial cells (15). This antagonism was thought to be ex-
erted at the Smad level (15). Furthermore, ALK1 activity was
proposed to promote proliferation and migration of endothe-
lial cells, whereas ALKS has been shown to inhibit both pro-
cesses (15, 16). Thus, for endothelial cells, TGF-B was thought
to activate two independent Smad signaling pathways which
have opposing effects.

We have shown, in contrast to these findings, that Smad2/3
signaling is not inhibited by Smadl/5 activation in epithelial
cells. We found that knockdown of Smadl and Smad5 did
not significantly affect the transcriptional activation of the
(CAGA),,-Luc reporter (our unpublished data). More impor-
tantly, knockdown of Smad1/5 had no effect on the antiprolif-
erative effects of TGF-B in EpH4 cells or TGF-B-induced
EMT in EpRas cells, suggesting that Smad1/5 activation did
not cause a general inhibition of Smad2/3 signaling. In addi-
tion, we have shown that Smadl/5 is required for the trans-
forming effects of TGF-B in EpRas cells in soft agar, indicating
that Smad1/5 signaling has specific biological functions down-
stream of TGF-B. These functional data are consistent with the
proposed model, whereby ALKS-induced Smad2/3 signaling
and ALKS-ALK?2/3-induced dual Smadl/5-Smad2/3 signaling
each carry out a subset of functions (Fig. 7C). We are currently
investigating this in more detail, determining which TGF-B
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target genes require phosphorylated Smad1/5 for their regula-
tion.

Finally, our analysis shows that signaling by TGF-B is much
more complex than previously appreciated. The precise TGF-3
response is dependent on the nature of the activated receptor
complexes, which have distinct dose requirements and exhibit
independent regulation. However, many more questions re-
main to be answered. Does cooperation between the ALKS
and ALK2/3-ALKS signaling pathways exist? What other com-
ponents, if any, are required for ALK2/3-ALKS signaling?
What are the genes regulated by the mixed R-Smad com-
plexes? In addition, our in vitro analysis suggests that the
ability of TGF-B to induce Smad1/5 phosphorylation is impor-
tant for transformation. It will be important to address whether
this is relevant for tumor progression in vivo.
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